Densities, viscosities and ionic conductivities of single salts and the binary eutectic mixtures of alkali bis(trifluoromethylsulfonyl)amides, MTFSAs (M = Li, Na, K, Rb, Cs), were measured in the temperature range of 413-573 K. Cyclic voltammetry revealed that the binary eutectic melts have wide electrochemical windows of 5.0-6.0 V. It was found that alkali metals reversibly deposit on a nickel electrode at the cathode limit potentials. The order of the deposition potential was determined to be Na > Li > (K, Rb, Cs).
Introduction
We have recently reported binary and ternary phase diagrams for MTFSAs (M = Li, Na, K, Rb, Cs) [1, 2] . Table 1 shows the eutectic compositions and temperatures of binary MTFSA salt mixtures [1] . Although the melting points of single MTFSA salts are relatively high (typically above 400 K), it is possible to obtain mixtures possessing melting points in the intermediate temperature range (373 to 473) K [1, 2] . Among the ternary systems, we have already reported that the LiTFSA-KTFSA-CsTFSA system is highly promising as an electrolyte for rechargeable lithium metal battery owing to its high conductivity, 14.2 mS cm -1 , wide electrochemical window, 5.0 V with a cathode limit of lithium metal deposition with a good cycle performance at 423 K [3] .
In this study, we examined physicochemical properties (densities, viscosities, ionic conductivities) and electrochemical properties of single salt melts and the binary eutectic melts for MTFSAs and discussed on the effect of mixing on the physicochemical properties of MTFSAs.
foil was used for the reference electrode in the eutectic LiTFSA-MTFSA (M = K, Rb, Cs) melts. In the cases of Li67-Na33 (the abbreviation of the eutectic LiTFSA-NaTFSA with x LiTFSA = 0.33. All the binary salts described here are eutectic mixtures.) and Na07-Cs93 melts, sodium metal was used for the reference electrode material. The scan rate for the cyclic voltammetry was 10 mV s -1 .
Galvanostatic electrolysis was performed to obtain the deposit for the identification of the reactions at the cathode limits. The deposited substances on a nickel electrode after the electrolysis were analyzed by means of differential scanning calorimetry (DSC) and X-ray diffraction (XRD)
analysis.
Results and discussion
3.1 Viscosities of single salts and binary eutectic mixtures Figure 1 shows Arrhenius plots of viscosities for (a) single salts, (b) eutectic
LiTFSA-MTFSA (M = Na, K, Rb, Cs) and (c) the eutectic NaTFSA-MTFSA (M = K, Rb, Cs).
Distinct upward trends in the curvatures are observed at lower temperatures. In such a case, the following Vogel-Tamman-Fulcher (VTF) equation is frequently applied [4] ,
where A η , B η and T 0η are constants to be determined empirically. T 0η is called "the ideal glass transition temperature". The viscosities of the MTFSA melts were fitted very well (R 2 > 0.999) to the VTF equation with the fitting parameters shown in Table 2 .
Among the single salts, the viscosity of Li100 (the abbreviation of the LiTFSA single salt)
is extremely high, the viscosity of the salts with the other cations becoming lower with increasing their radii. The viscosities of binary mixtures are somewhere between those of the constituent single salts.
The viscosity of Li07-Cs93 is the lowest in the eutectic LiTFSA-MTFSA (M = Na, K, Rb, Cs) due to the low concentration of LiTFSA and high concentration of CsTFSA. On the other hand, the viscosity of Li67-Na33 is the highest in the eutectic LiTFSA-MTFSA due to high concentration of LiTFSA. The same tendency is also observed for the eutectic NaTFSA-MTFSA (M = K, Rb, Cs) melts.
3.2 Ionic conductivities of MTFSA single salts and binary eutectic mixtures Slightly downward curvatures are observed at lower temperatures. Similarly to the case of viscosity, such a temperature dependence is described by the following VTF equation [5] ;
where A η , B η and T 0σ are constants to be determined empirically. T 0σ is called "the ideal glass transition temperature". The ionic conductivities of most MTFSA melts were fitted quite well (R 2 > 0.999) to this VTF equation by the fitting parameters shown in Table 3 . Those of some melts could not be fitted simply due to the shortage of data points.
The ionic conductivity of Li07-Cs93 is the highest in the eutectic LiTFSA-MTFSA (M = Na, K, Rb, Cs) melts due to low concentration of LiTFSA and high concentration of CsTFSA. On the other hand, the ionic conductivity of Li67-Na33 is highest in the eutectic LiTFSA-MTFSA melts due to the high concentration of LiTFSA. The same tendency is also observed for the eutectic NaTFSA-MTFSA (M = K, Rb, Cs) melts. If the comparison is made just above the melting temperatures, the ionic conductivities of these binary eutectic melts are not so high compared to those of room temperature ionic liquids. However, they are considered to be reasonably high for the application of battery electrolytes taking account that these melts contain highly concentrated of LiTFSA [6] . On the other hand, LiTFSA in Li43-K57 is highly concentrated and have ionic conductivity equal to EMImTFSA. Thus these molten salts are highly possible to be used directly as the electrolytes for lithium and sodium batteries.
Relationship between molar conductivity and viscosity
The relation between ionic conductivity and molar conductivity is given by the following
where λ is molar conductivity, d is density and M is molecular weight or average molecular weight of the melt. ( )
where A and B are constants. The fitting parameters are given in Table 4 . For single salts, densities increase with the increase of molecular weight (from Li to Cs) whose effect exceeds the decrease of density with increase of molecular volume (from Li to Cs). In the case of binary mixtures, densities fall in between those of constituent single salts. Figure 4 shows the plots of the logarithmic molar conductivity against the logarithmic reciprocal viscosity of (a) single salts, (b) the eutectic LiTFSA-MTFSA (M = Na, K, Rb, Cs) melts and (c) the eutectic NaTFSA-MTFSA (M = K, Rb, Cs) melts. If the viscosity and conductivity of the electrolyte obeys Walden's rule, the product of molar conductivity and viscosity is constant [7] ;
This equation is interpreted as that ionic conductivity of the liquid is governed by their viscosity. A dashed line in Fig. 4 corresponds to λη = 1. Although all the plots of MTFSA melts are on straight lines, their gradients are slightly different from unity. This tendency is called "decoupling" in behavior of ionic conductivity from that of viscosity [8, 9] . Thus, in the cases of MTFSA melts and their mixtures, the relationship between molar conductivity and viscosity should be described by the fractional Walden's rule presented by the following equation [10] ;
where α is a positive constant smaller than one. Table 5 shows α for each system. Such small α of less than one is observed for molten salts in which small singly charged ions exist [11] . This is explained by that alkali metal cations which are much smaller than TFSA anion can move easily among TFSA anions. In the case of single MTFSA melts, the constants fall in the range of 0.84 to 0.90 and they tend to increase with increasing the radius of alkali metal cations. There is a tendency that the larger the difference of radius between cation and anion, the greater the degree of decoupling. In the case of binary MTFSA melts, α is smaller than those of single melts. This suggests that the decoupling is enhanced by mixing two different cations. For some of binary MTFSA salts such as Li07-Cs93, the Walden plots do not fall in the middle of those for the constituent single salts but are located above them. This is attributed to the fact that ionic conductivity of Li07-Cs93 is very close to that of Cs100 (see Fig. 2 (a) and (b)) although the viscosity of eutectic Li07-Cs93 are higher than that of Cs100 (see Fig. 1(a) and (b) ). Such an effect of mixing is favorable for the improvement of the ionic conductivity of electrolytes by reducing the influence of viscosity. Galvanostatic electrolysis was performed at -10 mA cm -2 on a nickel electrode in order to identify the reaction at the cathode limit. As a result, a dendritic deposit with partial metallic luster was obtained. When the deposit was analyzed by DSC, endothermic peaks were observed only at the melting point of lithium metal, 454 K as well as the melting points of the eutectic salt, 423 K. Thus, it was confirmed that only lithium metal deposited on the nickel electrode at the cathode limit of Li43-K57. An anodic current is observed at 5.0 V vs. Li + /Li on a glassy carbon electrode. This anodic current is considered to correspond to the oxidation of TFSA anion, though more studies are required to elucidate the detail of this reaction. The electrochemical window of Li43-K57 melt is determined as 5.0 V at 443 K, when the limiting potentials are defined as the potential at a current density of 0.1 mA cm -2 . Figure 6 shows cyclic voltammograms in Li25-Rb75 melt at 443 K. The obtained cyclic voltammograms are quite similar to that for Li43-K57. In the same manner as described above, it was concluded that the cathode limit is lithium deposition, and the electrochemical window is 5.0 V at 443 K. Figure 7 shows a cyclic voltammogram in Li07-Cs93 melt at 403 K. A voltammetric feature is similar to the cases described above, except the anodic current is observed at 5.2 V vs.
Electrochemical properties of the binary eutectic melts
Li + /Li. This value is a slightly higher than that of the anode limit for Li43-K57 and Li25-Rb75 at 443 K. Thus, the decomposition potential of TFSA anion is considered to have temperature dependence. It was confirmed by DSC measurement that lithium metal deposits on a nickel electrode at the cathode limit at 403 K. In comparison of cyclic voltammograms in Li07-Cs93 and Na07-Cs93, the electrochemical window of Li07-Cs93 is wider than that of Na07-Cs93. Since anodic currents of those systems correspond to the same oxidation reaction of TFSA anion, it is reasonably concluded that the potential of sodium deposition/dissolution is higher than that of lithium deposition/dissolution. Thus, the order of deposition potential was determined to be Na > Li > (K, Rb, Cs). Figure 9 shows cyclic voltammograms in Li67-Na33 melt at 493 K. In this case, a sodium liquid metal was used as the reference electrode. The cathodic current is observed at −0.2 V vs. Na + /Na. When the potential sweep is reversed to the positive direction, two anodic current peaks are observed, which suggests that the deposit is both of Li and Na metal. In the DSC measurement for the deposit at the cathode limit, endothermic peaks were observed at 360, 369 and 450 K. The peak at 360 K corresponds to the eutectic melting of Li-Na alloy. The peak at 369 K corresponds to the melting of Na metal. The peak at 450 K possibly corresponds to the melting of eutectic salts and lithium metal because the melting temperatures are close to each other, 459 K for the eutectic salt, and 454 K, for lithium metal. Thus, the deposition of the lithium metal could occur along with the deposition of the sodium metal. On the other hand, anodic dissolutions of lithium and sodium seem to proceed separately. Among two peaks of oxidation currents, the peak at more negative potential is suggested to correspond to the dissolution of lithium metal and the other peak to that of sodium metal according to the order of deposition potential. The deposition of sodium and lithium occurs simultaneously on the nickel electrode probably due to overpotential for sodium deposition. An anodic current is observed at 4.5 V vs. Na + /Na at a glassy carbon electrode. In conclusion, for the eutectic LiTFSA-NaTFSA melt, the electrochemical window is 4.7 V at 493 K.
It is revealed that those binary melts have wide electrochemical windows and lithium and sodium metals deposit at the cathode limit. Thus, those melts are expected to use as electrolytes of lithium or sodium metal batteries such as lithium secondary battery and sodium-sulfur battery.
Conclusions
Densities, viscosities, ionic conductivities and electrochemical windows of the binary In the case of Na07-Cs93 melt, the reaction at the cathode limit is sodium metal deposition. In the case of Li67-Na33 melt, the reaction at the cathode limit is simultaneous deposition of sodium and lithium probably due to overpotential for sodium deposition. It has been found that alkali metal deposition is possible in these melts. The anode limit of the binary eutectic melts is considered to be the oxidation of TFSA anion. The binary eutectic MTFSA melts are expected to use as electrolytes of lithium or sodium metal batteries. Table 3 . VTF parameters for ionic conductivities of MTFSA melts. Table 4 . The fitting parameters of the densities. Table 5 . The constants of fractional Walden's rule of MTFSA melts. NaTFSA-KTFSA x NaTFSA = 0.25 Na25-K75 456
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